Purpose This study aimed to develop a gene expression targeting method for specific imaging and therapy of alpha-fetoprotein (AFP)-producing hepatocellular carcinoma (HCC) cells, using an adenovirus vector containing the human sodium/iodide symporter (hNIS) gene driven by an AFP enhancer/promoter. Methods The recombinant adenovirus vector, AdAFPhNIS (containing the hNIS gene driven by human AFP enhancer/ promoter) was prepared. After in vitro infection by the adenovirus, hNIS gene expression in AFP-producing cells and in AFP-nonproducing cells was investigated using 125 I uptake assay and semi-quantitative reverse transcription polymerase chain reaction (RT-PCR). The killing effect of 131 I on AdAFPhNIS-infected HCC cells was studied using an in vitro clonogenic assay. In addition, tumor-bearing mice were intravenously injected with the adenovirus, and scintigraphic images were obtained. Results The expression of hNIS was efficiently demonstrated by 125 I uptake assay in AFP-producing cells, but not in AFP-nonproducing cells. AFP-producing HCC-targeted gene expression was confirmed at the mRNA level. Furthermore, in vitro clonogenic assay showed that hNIS gene expression induced by AdAFPhNIS infection in AFPproducing cells caused more sensitivity to 131 I than that in AFP-nonproducing cells. Injected intravenously in HuH-7 tumor xenografts mice by adenovirus, the functional hNIS gene expression was confirmed in tumor by in vivo scintigraphic imaging. Conclusions An AFP-producing HCC was targeted with an adenovirus vector containing the hNIS gene using the AFP enhancer/promoter in vitro and in vivo. These findings demonstrate that AFP-producing HCC-specific molecular imaging and radionuclide gene therapy are feasible using this recombinant adenovirus vector system.
Introduction
Hepatocellular carcinoma (HCC) is known as one of the most common cancers in Eastern Asia, and its incidence is also increasing in the West [1, 2] . However, advanced HCC has a poor prognosis in spite of various therapeutic options, whether surgical or non-surgical [3] . Systemic chemotherapy and radiotherapy, which are effective therapies for a wide range of cancers, are also only partially effective against advanced HCC and therefore, new therapeutic strategies are required. The gene therapy, one of many therapeutic alternatives, is being recognized as a promising method on the basis of diverse researches and clinical trials for more than two decades [4] [5] [6] [7] [8] .
Alpha-fetoprotein (AFP) is a glycoprotein produced in the developing embryo and fetus, but disappears gradually after birth. Unlike rare expression in normal hepatocytes, AFP is re-expressed in about 80 % of HCCs [9] . Therefore, AFP-dependent transcriptional activation is very useful means of tumor-specific gene expression for HCC-targeted gene therapy. Some studies that specifically express a therapeutic gene using the AFP promoter suggested the efficacy of gene therapy as a safe and effective therapeutic strategy to HCC [10] [11] [12] .
The sodium iodide symporter (NIS) gene is noticeable, along with the herpes simplex virus type 1 thymidine kinase (HSV1-tk) gene, in the way that it can be employed in both imaging and therapy. NIS is an intrinsic transmembrane glycoprotein expressed mainly in the thyroid cells, and can transport iodide within the cells [13, 14] . When the NIS gene was transferred into the specific cell, and radioiodide was injected, only NIS-gene transferred cells accumulate radioiodide. Also, NIS can easily accumulate a variety of radioisotopes including iodide, technetium, rhenium, and astatine instead of complicated radiocompounds [15] . Therefore, expression of the NIS gene, followed by application of radioisotopes, allows noninvasive imaging such as scintigraphy or positron emission tomography (PET), and radionuclide therapy [16] [17] [18] .
We have previously reported the tumor targeting and therapeutic potential of radioiodine by a plasmid vector expressing the hNIS gene driven by the AFP enhancer/ promoter in AFP-producing HCC in vitro and in vivo [19] . These findings suggested that this type of targeted hNIS gene therapy and molecular imaging has the potential to be used in the management of AFP-producing HCC. To increase the possibility of clinical application through in vivo gene delivery, in this study we aimed to develop and demonstrate a gene targeting method for in vitro radioiodide therapy and in vivo scintigraphic imaging of AFP-producing HCC by delivery of an adenovirus vector containing the hNIS gene under control of an AFP enhancer/promoter.
Materials and Methods

Cell Culture
Three human HCC cell lines, HuH-7, HepG2, and SK-Hep-1, were obtained from KCLB (Seoul, Korea). Chang liver cells (human normal liver cells) and C6 (rat glioma cells) were obtained from ATCC (Manassas, VA). Human embryonic kidney cells containing the E1 region of adenovirus (QBI-293A) was purchased from Qbiogene (Carlsbad, CA). Cells were grown in DMEM media supplemented with 10 % fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin at 37°C in a humidified 5 % CO 2 atmosphere.
Recombinant Adenovirus Preparation
The human NIS gene was cloned by PCR from pCMV-NIS plasmid [20] using 5′-GATCCTCGAGCCACCATGGA GGCCGTGGAGACCGG-3′ (forward primer) 5′-GATCTC TAGATCAGAGGTTTGTCTCCTGCTG-3′ (reverse primer). The hNIS gene was excised by XhoI and XbaI digestion from the above polymerase chain reaction (PCR) products, and inserted into an adenoviral shuttle vector, pShuttle-CMV (Qbiogene). Adenovirus was made by recombining the pShuttle-CMVhNIS construct with an adenoviral backbone using the AdEasy TM vector system (Qbiogene), following the manufacturer's instructions. Acquired adenoviruses were designated AdCMVhNIS, and used as a control (Fig. 1) .
The recombinant adenovirus vector, AdAFPhNIS was prepared as summarized in Fig. 1 . An AFP enhancer/promoter DNA fragment was prepared by PCR from pDRIVE-AFP/hAFP (Invivogen, San Diego, CA) using the following primers: 5′-GATCACGCGTGCTTAGAAATATGGGGG TAG-3′ (forward) and 5′-GATCCTCGAGGTTGCTAGT TATTTTGTTATTG-3′ (reverse), and inserted into the MluI/XhoI sites of pGL3-Basic (pGL3-AFPfLuc). The DNA fragment containing the AFP enhancer/promoter and Fig. 1 Schematic structure of adenoviral vectors. A recombinant replication-defective adenovirus by deletion of the viral E1 and E3 region was used to construct these adenovirus vectors; hAFPenh/prom human AFP enhancer/promoter, hNIS human sodium iodide symporter, pA the SV40 polyadenylation signal fLuc from pGL3-AFPfLuc was cloned into pShuttle (Qbiogene) and designated pShuttle-AFPfLuc. The fLuc gene of pShuttle-AFPfLuc was replaced with the hNIS gene from pShuttle-CMVhNIS using XhoI/XbaI digestion, and designated pShuttle-AFPhNIS. Obtained plasmids were used for adenovirus production by the same methods as above. Adenovirus titration was performed using the TCID 50 method and the value obtained was converted into plaque forming units (pfu)/ml.
Transduction of Reporter Gene by Adenovirus In Vitro
Cells were plated at a density of 2×10 5 cells per well in 24-well culture plates 24 h before adenovirus infection, and immediately before infection, cells were washed and incubated with serum-free medium containing adenovirus for 24 h. The ratio of the number of adenovirus to a cell was expressed as the multiplicity of infection (MOI). Chang and C6 cells showed about a tenfold lower efficiency compared with HCC cells when the cells were infected with AdCMVfLuc (constitutively expressing firefly luciferase) (data not shown). Consequently, in Chang and C6 cells, adenoviruses of tenfold higher titer than those in HCC cells were used. Three HCC cell lines (HuH-7, HepG2, and SK-Hep-1) and two control cell lines (Chang and C6) were infected with AdAFPhNIS at the MOI of 5 and the MOI of 50, respectively.
In Vitro Radioiodide Uptake and Efflux Assay 125 I uptake by cells was determined as described by Kim et al. [20] . In brief, iodide uptake levels were determined by incubating the cells with 500 μl Hank's Balanced Salt Solution (HBSS) with 3.7 KBq (0.1 μCi) of carrier-free Na 125 I and 10 μM NaI, to yield a specific activity of 740 MBq/mmol (20 mCi/mmol) at 37°C for 30 min. The cells were detached with 500 μl trypsin after washing twice and radioactivities were measured using a gamma counter (1480 WIZARD; PerkinElmer, Waltham, MA). To evaluate the time course of iodide uptake, the cells were incubated for 5, 30, 60, and 120 min in Na 125 I solution, and then washed, detached, and counted, as described above.
Iodide efflux studies were performed as described by Lee et al. [21] . After incubating the cells with 500 μl HBSS buffer containing 10 μM NaI and 3.7 KBq of Na 125 I for 30 min, the cells were washed, and further incubated with HBSS buffer containing 10 μM nonradioactive NaI. The cells were washed once and added to HBSS incubation buffer and further incubated. Every 3 min (0-15 min) or 6 min (15-27 min), and at 45 and 60 min, the buffer was replaced, and the radioactivity in the buffer was counted. After removal of the last medium (at 60 min), the cells were solubilized for counting along with the previously collected medium samples. The total radioactivity at the initiation of the efflux study (100 %) was calculated by adding the radioactivity of final cells to the summation of the radioactivity of each medium.
RNA Extraction and Reverse Transcription-PCR
Total RNA was prepared from cells using the easy-spin TM RNA extraction kit (iNtRON Biotechnology, Seongnam, Korea). Copy DNA preparations were obtained using Superscript III (Invitrogen). Both procedures were carried out according to the respective manufacturers' protocols. PCR amplifications of individual cDNAs were performed using Taq polymerase (iNtRON Biotechnology) and following specific primers for AFP (NM_001134), hNIS (NM_000453), and β-actin (XM_004814) in a GeneAmp PCR System (Applied Biosystems, Foster City, CA) for 30 cycles of denaturation (95°C for 30 s), annealing (AFP, 55°C; hNIS, 52°C; β-actin, 56°C for 30 s), and extension (72°C for 30 s): AFP forward, 5′-GTACGGACATTCAGACTGCT-3′; AFP reverse, 5′-TTGCTGCCTTTGTTTGGAAG-3′, hNIS forward, 5′-TCTCTCAGTCAACGCCTCT-3′; hNIS reverse, 5′-ATCCAGGATGGCCACTTCTT-3′, and β-actin forward, 5′-GTGGGGCGCCCCAGGCACCAGGGC-3′; β-actin reverse, 5′-CTCCTTAATGTCACGCACGATTTC-3′, respectively.
In Vitro Clonogenic Assay
The procedure was performed as described by Mandell et al. [16] with slight modifications. In brief, cells were incubated for 7 h with 0.1 mCi/ml Na 131 I [total dose 0.8 mCi (29.6 MBq)] in HBSS supplemented with 10 mM NaI and 10 mM HEPES at pH 7.3. Percentage survivals represent the number of cell colonies after 131 I treatment expressed as a percentage of the number of cell colonies after mock treatment with HBSS. Results are expressed as mean % survival ± SD and were normalized versus the number of colonies formed by cells infected with adenovirus but not treated with 131 I (100 %). Statistical significance was determined using the unpaired t-test. For all analyses, p values of <0.05 were considered statistically significant.
HCC Tumor Xenografts Model in Mice
Tumor xenografts were produced in 6-week-old female NOD/SCID mice (Charles River Laboratories, Wilmington, MA), by subcutaneously injecting 1×10 7 HuH-7 cells suspended in 100 μl PBS into right hind flanks. Adenoviruses were injected after 8 weeks for tumor growth. AdAFPhNIS (5×10 8 pfu) suspended in 100 μl saline was then injected intravenously, 4 days after this injection, scintigraphic images were acquired.
In Vivo Imaging Acquisition Thirty minutes after injecting 18.5 MBq of [ 99m Tc]-pertechnetate intraperitoneally into animals, they were placed in a spread prone position and scanned with a gamma camera (TRIONICS, Cleveland, OH). Mice were anesthetized with an intraperitoneal injection of ketamine (53 mg/kg) and xylazine (12 mg/kg) at 10 min before imaging acquisition. Acquired images were quantified using the Multi Gauge, version 3.0 image analysis program (Fuji Film, Japan), which determined the optical density (OD) of ROIs on images.
Results
AFP Gene Expression in Different Cell Lines
Three human HCC cell lines (HuH-7, HepG2, and SK-Hep-1), human normal liver cells (Chang), and rat glioma cells (C6) were used as target cells for recombinant adenovirus infection. HuH-7 and HepG2 cells were found to express AFP mRNA (Fig. 2) . In contrast, AFP expression was almost not observed in SK-Hep-1, Chang, or C6 cell lines. The levels of expressed AFP mRNA in HuH-7 and HepG2 cells were about 13-and 9-fold higher than average in the rest, respectively. HuH-7 cells showed about 1.4-fold higher AFP gene expression than that in HepG2 cells.
Adenovirus-Mediated hNIS Gene Transfer in Different Cell Lines
Increased radioiodide uptake was observed in two AFPproducing cell lines, HuH-7 and HepG2, after infection of AdAFPhNIS (Fig. 3a) . This uptake was inhibited by potassium perchlorate, a potent inhibitor of active iodide transport, confirming that iodide uptake is essentially dependent on NIS expression. In contrast, any significant increase of radioiodide uptake was not observed at all in the AFPnonproducing cells, SK-Hep-1, Chang, and C6.
125
I accumulation reached a steady status within 30 minutes after iodide was added in HuH-7 and HepG2 cells, but SK-Hep-1, Chang, and C6 cells did not show any significant change (Fig. 4a) . Figure 4b shows the amount of 125 I present within the cells as a function of time. Up to 70 % of the cellular radioactivity was released into the medium during the first 6 min (HuH-7 curves), showing that efflux is very rapid in HuH-7 cells (T 1/2 04 min). The efflux rate in HepG2 cells was approximately twice as slow as that observed in HuH-7 cells. In two AFP-producing cells, increased radioiodide uptake correlated well with mRNA expression of hNIS gene (Fig. 3b) . When the cells were infected with AdCMVhNIS, the expression of hNIS mRNA was detected in all the HCC cells (HuH-7, HepG2, and SK-Hep-1) and control cells ( 
HCC-Targeted Reporter Gene Expression of Adenovirus In Vivo
The targeted reporter gene expression from recombinant adenovirus in AFP-producing HCCs was evaluated in mice bearing HuH-7 tumor xenografts. To evaluate the in vivo specificity of AdAFPhNIS, NOD/SCID mice bearing HuH-7 xenografts were established. Animals harboring 500 mm 3 HuH-7 xenografts were injected with AdAFPhNIS (5×10 8 pfu) via the tail vein. Four days after this injection, HCC-specific hNIS expression was demonstrated in scintigraphic images (Fig. 6a) . HuH-7 xenografts showed significant [ 99m Tc]-pertechnetate uptake, with the exception of normal physiological uptake in thyroid, stomach, and bladder. Tumor-to-muscle intensity ratio was about 2.2-fold (Fig. 6c) . Just background activity was observed in tumor of HuH-7-xenografted mouse without AdAFPhNIS (Fig. 6b) .
Discussion
It was the aim of this study to develop and demonstrate a gene targeting method for in vitro radioiodide therapy and in vivo scintigraphic imaging of AFP-producing HCCs by delivery of recombinant adenoviral vector. HuH-7 cells and HepG2 cells infected with AdAFPhNIS showed approximately 15-fold higher 125 I uptakes than non-infected cells, whereas no significant uptake was observed in AFPnonproducing cells (Fig. 3a) . In spite of rapid efflux resulting from the lack of iodide organification (Fig. 4b) [22] , the amount of accumulated 131 I has been demonstrated to be sufficiently high to selectively kill hNIS-transduced HCC cells in a clonogenic assay (Fig. 5) . In HuH-7 tumor xenografts model (Fig. 6 ), scintigraphic images with AdAFPh-NIS was shown to be significantly specific except for normal physiological uptake of [
99m Tc]-pertechnetate in thyroid, stomach and bladder [23] .
Until recently, diverse gene therapy strategies for HCC have been examined, such as gene augmentation therapy for tumor suppressor gene [5] , drug sensitization therapy including the HSV1-tk/ganciclovir [6, 24] or cytosine deaminase/5-fluorocytosine [25] , and genetic immunotherapy using a cytokine gene [4] . Also, since the NIS gene was first cloned in 1996 [26] , many studies have demonstrated the efficacy of molecular imaging or radioiodide gene therapy using NIS in vitro and in vivo [16, 17, [27] [28] [29] . NIS has a number of obvious advantages, such as, its potential use as a diagnostic gene for noninvasive imaging, the bystander effect due to crossfire by β-emitters, the lack of immune response due to its endogenous origin, its well-known physiological effects, and others [23] . Furthermore, cytoreductive gene therapy based on NIS gene transfer followed by radioiodide application has also been found to offer promise for treatment of HCC [30, 31] .
Transcriptional activation of the therapeutic gene by a tumor-specific promoter is considered as indispensable option for maximization of tumor-specific cytotoxicity with minimal effects on normal tissues in cancer gene therapy.
However, in vivo transcriptional activity of currently being used tumor-specific promoters including the AFP promoter is not strong. Combination with different enhancers [32] or use of a transcriptional amplification system [33] have been attempted to improve weak transcriptional activity of tumorspecific promoter by several researchers. But more studies must be done to achieve a meaningful therapeutic response in clinical application.
Safe and effective delivery of therapeutic gene to target is a critical factor for successful cancer gene therapy. In the current study, we have used serotype 5 human adenovirus vector because it can infect various human cells easily without any severe side effects, and localize preferentially to the liver when administered intravenously, which suggests that it is suitable for selective HCC treatment [34] . Most studies of targeted NIS gene therapy using tumor specific promoter have been conducted under limited gene delivery condition including the use of stable cell lines established with a retrovirus or plasmid, or local injection of adenovirus vector [30, 35, 36] . The present study shows the possibility of non-invasive in vivo imaging of tumor-targeted gene expression after intravenous administration of adenovirus.
This study demonstrates the AFP-producing HCCtargeted reporter gene expression following systemic adenoviral delivery through nuclear imaging modalities in xenografted mouse models, and also shows that the transfer of a Fig. 6 HCC- 
